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INTEGRATED ELECTRO-MECHANICAL
POWERTRAIN SYSTEM FOR HYBRID
VEHICLES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 61/615,658 filed Mar. 26, 2012, the entire
contents of which are hereby incorporated herein by refer-
ence.

FIELD

Embodiments disclosed herein relate generally to vehicle
powertrain systems, and more particularly to an integrated
electro-mechanical powertrain system for use in electric,
hybrid, and plug-in hybrid electric vehicles.

BACKGROUND

Hybrid vehicles (e.g. vehicles with more than one power
source for supplying power to move the vehicle) may provide
increased efficiency and/or increased fuel economy when
compared to vehicles powered by a single internal combus-
tion engine.

In some hybrid vehicles, which may be referred to as par-
allel hybrids, two or more power sources are operated con-
currently (e.g. in parallel) to supply motive power to a con-
ventional drivetrain. In other hybrid vehicles, which may be
referred to as series hybrids, an electric machine supplies
supply motive power to the drivetrain, and another power
source (e.g. an internal combustion engine) can be selectively
operated to supply electric power to the electric machine.
That is, the internal combustion engine, electric machine, and
drivetrain are connected in series.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the described embodiments
and to show more clearly how they may be carried into effect,
reference will now be made, by way of example, to the
accompanying drawings in which:

FIG. 1 is a schematic diagram of a vehicle powertrain
system in accordance with at least one example embodiment;

FIG. 2 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in one mode of
operation;

FIG. 3 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in one mode of
operation;

FIG. 4 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in another mode
of operation;

FIG. 5 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in another mode
of operation;

FIG. 6 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in another mode
of operation;

FIG. 7 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in another mode
of operation;

FIG. 8 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in another mode
of operation;
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FIG. 9 is a schematic diagram showing the vehicle power-
train system of FIG. 1 configured to operate in another mode
of operation;

FIG. 10 is a schematic diagram showing the vehicle pow-
ertrain system of FIG. 1 configured to operate in another
mode of operation;

FIG. 11 is a schematic diagram of a vehicle in which the
front wheels are driven by the vehicle powertrain system of
FIG. 1,

FIG. 12 is a schematic diagram of a vehicle in which the
rear wheels are driven by the vehicle powertrain system of
FIG. 1,

FIG. 13 is a schematic diagram of a vehicle in which the
front wheels are driven by at least one other embodiment of a
vehicle powertrain system, and the rear wheels are driven by
an electric machine;

FIG. 14 is a schematic diagram of another vehicle in which
the front wheels are driven by at least one other embodiment
of'a vehicle powertrain system, and the rear wheels are driven
by an electric machine; and

FIGS. 15 and 16 are further schematic diagrams similar to
FIG. 14, but with an additional electric machine used to drive
the rear wheels.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Various apparatuses or methods are described below to
provide an example of an embodiment of each claimed inven-
tion. No embodiment described below limits any claimed
invention and any claimed invention may cover apparatuses
and methods that differ from those described below. The
claimed inventions are not limited to apparatuses and meth-
ods having all of the features of any one apparatus or method
described below or to features common to multiple or all of
the apparatuses or methods described below. It is possible that
an apparatus or method described below is not an embodi-
ment of any claimed invention. Any invention disclosed in an
apparatus or method described below that is not claimed in
this document may be the subject matter of another protective
instrument, for example, a continuing patent application, and
the applicant(s), inventor(s) and/or owner(s) do not intend to
abandon, disclaim, or dedicate to the public any such inven-
tion by its disclosure in this document.

In traditional hybrid vehicle powertrains that contain an
internal combustion ending and a pair of electric machines,
typically one of the electric machines may selectively operate
as either an electric motor or as an electric generator. How-
ever, the other electric machine typically operates only as an
electric generator, for example to recover power during
regenerative engine braking.

These and other aspects and features of various embodi-
ments will be described in greater detail below. While the
powertrain systems described herein may be particularly use-
ful in a front wheel drive hybrid electric vehicle, the power-
train systems described herein may be implemented in vari-
ous hybrid electric vehicles, including plug-in hybrid
vehicles, and can be implemented in hybrid vehicles having
front-wheel drive, rear-wheel drive, four-wheel drive and/or
all-wheel drivetrain systems.

Furthermore, the powertrain systems may be scalable, and
therefore may be applicable to vehicles including small pas-
senger car, minivans, sports utility vehicles, pickup trucks,
vans, buses, and trucks. Other applications may be possible,
including off-road vehicles, tractors, mining and construction
vehicles, hybrid boats and other naval applications.

Reference is now made to FIG. 1, which illustrates an
example embodiment of a vehicle powertrain system 100,
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which may be used in a front-wheel drive vehicle. Powertrain
system 100 includes an internal combustion engine 10, a first
electric machine 20, and a second electric machine 30, each
independently coupled to a planetary gear set 40. The plan-
etary gear set 40 comprises a sun gear 42, a planetary carrier
44, one or more pinion gears 46, and a ring gear (or wheel
gear) 48. Differential pinion gears (which may be referred to
as differential idlers) 52, 54 are coupled to planetary carrier
44 and a pair of differential output gears 56, 58. Differential
output gears 56, 58 are connected to drive axels 60, 62 for
transferring power and/or torque between the differential gear
set and the wheels of a vehicle.

In some embodiments, each electric machine 20, 30 may
be independently selectively operable as either an electric
motor or as an electric generator. When operating as an elec-
tric motor, the electric machine is capable of converting elec-
trical energy (from e.g. a battery, a capacitor, or other power
source) into mechanical energy to produce an output power
(or torque). When operating as an electric generator, the elec-
tric machine is capable of converting mechanical energy
(from e.g. a shaft or other mechanical input) into electrical
energy, which may be transferred to e.g. a battery, a capacitor,
or other power source.

In some embodiments, first and second electric machines
20, 30 may take the form of various types of electric
machines, including: switch reluctance machines; induction
machines; and/or permanent magnet machines.

In the illustrated embodiment, first electric machine 20 is
coupled to the sun gear 42 of planetary gear set 40 via a first
clutch 72. Depending upon the operating requirement of the
powertrain system, first clutch 72 may be selectively actuated
to engage first electric machine 20 and sun gear 42 so that
power and/or torque may be transferred between the first
electric machine and planetary gear set 40, or selectively
actuated to disengage first electric machine 20 and sun gear
42 to prevent power and/or torque from being transferred
between the first electric machine and the planetary gear set.

By locating electric machine 20 close to the differential
gear set, this may allow the total mass and/or rotational inertia
of the coupling between the electric machine and the differ-
ential, which may lead to increased energy efficiency and/or
increased responsiveness of the powertrain system.

As shown, first clutch 72 may be integrated with the shaft
connecting first electric machine 20 and sun gear 42. First
clutch 72 may be considered to be a static clutch, in that the
clutch may be used to ground the first electric machine to
achieve the tractive requirements at the differential gear set.

Although it may be possible to electrically lock the first
electric machine without using a clutch, depending upon the
amount of power currently being transferred through the dif-
ferential gear set, locking the first electric machine may
require a significant amount of electric energy to be dissipated
to achieve this. By using first clutch 72 to selectively engage
and disengage first electric machine 20 and sun gear 42,
energy losses associated with locking the first electric
machine may be reduced.

Also, the holding torque capable of being provided an
electric machine may vary based on the size and/or power
rating of the electric machine. For example, a relatively small
electric machine may be capable of operating at a relatively
speed, but with a relatively low torque output (e.g. a relatively
small electric machine may provide a relatively low holding
torque), while a relatively large electric machine may be
capable of producing a relatively high torque output (e.g.
holding torque), but may operate at a relatively low speed.
Also, in some configurations the relative amount of holding
torque electric machine 20 is capable of transferring to plan-
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4

etary gear set 40 may affect the acceleration and/or regenera-
tive braking performance of the vehicle when being driven
primarily by engine 10 and/or second electric machine 30. By
using first clutch 72 to selectively engage and disengage
electric machine 20 and sun gear 42, this may allow greater
flexibility when selecting an appropriate size and/or power
rating for electric machine 20.

Also, use of first clutch 72 may reduce idling of the first
electric machine; this may avoid unnecessary energy losses in
the powertrain, and/or increase the operating life of bearings
within the vehicle powertrain system.

In the illustrated embodiment of FIG. 1, engine 10 is
coupledto ring gear 48 of planetary gear set 40 via a reduction
gear 14 located between engine output gear 12 and ring gear
48. It will be appreciated that other configurations of reduc-
tion gear sets are possible, and that in some embodiments a
reduction gear or gear set may not be provided between
engine 10 and planetary gear set 40.

Engine 10 is also shown as being coupled to ring gear 48
via an engine clutch 71. Depending upon the operating
requirement of the powertrain system, engine clutch 71 may
be selectively actuated to engage engine and ring gear 48 so
that power and/or torque may be transferred between the
engine 10 and planetary gear set 40, or selectively actuated to
disengage engine 10 and ring gear 48 to prevent power and/or
torque from being transferred between the engine and the
planetary gear set.

As shown, engine clutch 71 may be integrated with the
shaft connecting engine 10 and engine output gear 12. In
some embodiments, engine clutch 71 may be located else-
where between engine 10 and planetary gear set 40. Engine
clutch 71 may be considered to be a static clutch, in that the
clutch may be used to ground the engine to achieve the trac-
tive requirements at the differential gear set.

Where engine 10 is an internal combustion engine, it may
be possible to lock the engine by controlling the pressure of
the cylinders (i.e. without using a clutch). However, the hold-
ing torque requirement may vary depending upon the nega-
tive torque generated by the drive axles. Also, the range of
holding torque capable of being provided by engine 10 may
vary based on the power rating of the engine. For example, an
engine with a relatively low rated power and/or torque output
may be capable of providing a relatively low holding torque.
Also, the relative amount of holding torque engine 10 is
capable of transferring to planetary gear set 40 may affect the
acceleration and/or regenerative braking performance of the
vehicle when being driven primarily by first electric machine
20 and/or second electric machine 30. By using engine clutch
71 to selectively engage and disengage engine 10 and ring
gear 48, this performance deterioration may be avoided.

Also, use of engine clutch 71 may reduce the idling of
engine 10; this may avoid unnecessary energy losses in the
powertrain, and/or increase the operating life of bearings
within the vehicle powertrain system.

In the illustrated embodiment of FIG. 1, second electric
machine 30 is coupled to planetary gear set 40 via a reduction
gear set comprising reduction gears 16, 18 located between
second electric machine output gear 13 and planetary carrier
44. Tt will be appreciated that other configurations of reduc-
tion gear sets are possible, and that in some embodiments a
reduction gear set may not be provided.

By coupling electric machine 30 to the differential gear set,
this may allow the total mass and/or rotational inertia of the
coupling between the electric machine and the differential,
which may lead to increased energy efficiency and/or
increased responsiveness of the powertrain system.
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Second electric machine 30 is also shown as being coupled
to planetary carrier 44 via a second clutch 73. Depending
upon the operating requirement of the powertrain system,
second clutch 73 may be selectively actuated to engage sec-
ond electric machine 30 and planetary carrier 44 so that power
and/or torque may be transferred between the second electric
machine and planetary gear set 40, or selectively actuated to
disengage second electric machine 30 and planetary carrier
44 to prevent power and/or torque from being transferred
between the second electric machine and the planetary gear
set.

As shown, second clutch 73 may be integrated with a shaft
connecting reduction gears 16, 18. In some embodiments,
second clutch 73 may be located elsewhere between second
electric machine 30 and planetary gear set 40. Second clutch
73 may be considered to be a dynamic clutch, in that the
clutch may rotate with one or more of the shafts to which it is
mounted, and thus may not be capable of grounding the
second electric machine.

Although it may be possible to electrically lock the second
electric machine without using a clutch, depending upon the
amount of power currently being transferred through the dif-
ferential gear set, locking the second electric machine may
require a significant amount of electric energy to be dissipated
to achieve this. By using second clutch 73 to selectively
engage and disengage second electric machine 30 and plan-
etary carrier 44, energy losses associated with locking the
second electric machine may be reduced. Also, use of second
clutch 73 may reduce idling of the second electric machine
and/or one or more reduction gears (e.g. reduction gear 18);
this may avoid unnecessary energy losses in the powertrain,
and/or increase the operating life of bearings within the
vehicle powertrain system.

Also, as noted above, the holding torque capable of being
provided an electric machine may be proportional to the rated
power and/or operating speed of the electric machine. Also, in
some configurations the relative amount of holding torque
electric machine 30 is capable of transferring to planetary
gear set 40 may affect its ability to act as a torque coupler,
which may affect the acceleration and/or regenerative brak-
ing performance of the vehicle when being driven primarily
by engine 10 and/or first electric machine 20. By using second
clutch 73 to selectively engage and disengage electric
machine 30 and planetary carrier 44, this may allow greater
flexibility when selecting an appropriate size and/or power
rating for electric machine 30.

In some embodiments, one or more of clutches 71, 72, 73
may be electro-mechanically actuated. It will be appreciated
that, depending on the configuration of an electro-magnetic
clutch, applying or removing a voltage to actuate the clutch
may result in engagement or disengagement of the shafts to
which the clutch is coupled. For example, an electro-mag-
netic clutch may be configured such that applying a voltage to
actuate (or ‘engage’) the clutch may disengage the two shafts
connected to the clutch to prevent power and/or torque from
being transferred between the shafts. Conversely, actuating
the clutch by removing (or not applying) a voltage to ‘disen-
gage’ the clutch may result in engagement of the two shafts
connected to the clutch to allow power and/or torque to be
transferred between the shafts. Put another way, ‘engaging’
the clutch may disengage the shafts connected by the clutch,
and vice versa. However, in other arrangements an electro-
magnetic clutch may be configured such that ‘engaging’ the
clutch by applying a voltage to the clutch may engage the two
shafts connected to the clutch, and ‘disengaging’ the clutch by
removing (or not applying) a voltage may result in disengage-
ment of the two shafts connected to the clutch.
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In some embodiments, clutches 71, 72, 73 may be hydrau-
lically, mechanically and/or pneumatically actuated.

As will be appreciated, the vehicle powertrain system 100
shown in FIG. 1 provides three independent inputs at the
differential gear set to transter power and/or torque between
the wheels of a vehicle and three independently operable
power sources (e.g. engine 10, first electric machine 20, and
second electric machine 30). The system also enables each of
the three power sources to be independently operated so as to
better meet various driving requirements and/or conditions.

Also, by selectively actuating one or more clutches 71, 72,
and 73, and by selectively operating electric machine 20
and/or electric machine 30 as an electric motor or an electric
generator, vehicle powertrain system 100 may be selectively
configured to operate in a number of different modes of
operation, which will be described with reference to FIGS.
2-10.

Turning to FIG. 2, vehicle powertrain system 100 is shown
as being configured in an internal combustion engine starting
(“ICES”) mode of operation, wherein electric machine 20
acts as an integrated starter motor to energize engine 10. In
this ICES mode, engine clutch 71 is actuated to engage engine
10 and ring gear 48, first clutch 72 is actuated to engage
electric machine 20 and sun gear 42, and electric machine 20
is selected to operate as an electric motor. (Since there is no
output power at the differential gear set, second clutch 73 can
be either engaged or released). In this configuration, output
power and/or torque from electric machine 20 may be may be
transferred to engine 20 via the planetary gear set. More
specifically, power will be transferred from electric machine
20 to engine 10 via sun gear 42, one or more pinion gears 46,
ring gear 48, reduction gear 14, and engine output gear 12.

InFIG. 3, vehicle powertrain system 100 is shown as being
configured in a series-parallel hybrid (“SPH”’) mode of opera-
tion. In this SPH mode, engine clutch 71 is actuated to engage
engine 10 and ring gear 48, first clutch 72 is actuated to
engage electric machine 20 and sun gear 42, and second
clutch 73 is actuated to engage electric machine 30 and plan-
etary carrier 44. Electric machine 20 is selected to operate as
an electric generator, and electric machine 30 is selected to
operate as an electric motor. In this configuration, a fraction of
the power and/or torque output by engine 10 may be trans-
ferred to electric machine 20, power and/or torque generated
by electric machine 20 may be electrically transferred to
electric machine 30, and the accumulated tractive power of
the planetary gear set will be transferred to the drive wheels
via the differential gear set. More specifically: i) power and/or
torque will be transferred from engine 10 to planetary carrier
44 via engine output gear 12, reduction gear 14, ring gear 48,
and one or more pinion gears 46; ii) power and/or torque will
be transferred to electric machine 20 from planetary carrier 44
via one or more pinion gears 46 and sun gear 42; and iii)
power and/or torque will be transferred from electric machine
30 to planetary carrier 44 via output gear 13, and reduction
gears 16, 18.

In FIGS. 4-6, vehicle powertrain system 100 is shown as
being configured in various parallel hybrid (“PH”) modes of
operation. In a first parallel hybrid (“PH1”’) mode of operation
illustrated in FIG. 4, engine 10 and both electric machines 20,
30 supply tractive power and/or torque to the differential gear
set. In this PH1 mode, engine clutch 71 is actuated to engage
engine 10 and ring gear 48, first clutch 72 is actuated to
engage electric machine 20 and sun gear 42, and second
clutch 73 is actuated to engage electric machine 30 and plan-
etary carrier 44. Electric machines 20 and 30 are each selected
to operate as an electric motor. In this configuration, power
and/or torque output by each of engine 10, electric machine
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20, and electric machine 30 is transferred to planetary carrier
44, and the accumulated tractive power of the planetary gear
set will be transferred to the drive wheels via the differential
gear set. More specifically: 1) power and/or torque will be
transferred from engine 10 to planetary carrier 44 via engine
output gear 12, reduction gear 14, ring gear 48, and one or
more pinion gears 46; ii) power and/or torque will be trans-
ferred from electric machine 20 to planetary carrier 44 via sun
gear 42 and one or more pinion gears 46; and iii) power and/or
torque will be transferred from electric machine 30 to plan-
etary carrier 44 via output gear 13, and reduction gears 16, 18.

In a second parallel hybrid (“PH2”) mode of operation
illustrated in FIG. 5, engine 10 and electric machine 30 supply
tractive power and/or torque to the differential gear set. In this
PH2 mode, engine clutch 71 is actuated to engage engine 10
and ring gear 48, first clutch 72 is actuated to disengage
electric machine 20 from sun gear 42, and second clutch 73 is
actuated to engage electric machine 30 and planetary carrier
44. Electric machine 30 is selected to operate as an electric
motor. In this configuration, power and/or torque output by
engine 10 and electric machine 30 is transferred to planetary
carrier 44, and the accumulated tractive power of the plan-
etary gear set will be transferred to the drive wheels via the
differential gear set. More specifically: i) power and/or torque
will be transferred from engine 10 to planetary carrier 44 via
engine output gear 12, reduction gear 14, ring gear 48, and
one or more pinion gears 46; and ii) power and/or torque will
be transferred from electric machine 30 to planetary carrier 44
via output gear 13, and reduction gears 16, 18.

In a third parallel hybrid (“PH3"”) mode of operation illus-
trated in FIG. 6, engine 10 and electric machine 20 supply
tractive power and/or torque to the differential gear set. In this
PH3 mode, engine clutch 71 is actuated to engage engine 10
and ring gear 48, first clutch 72 is actuated to engage electric
machine 20 and sun gear 42, and second clutch 73 is actuated
to disengage electric machine 30 from planetary carrier 44.
Electric machine 20 is selected to operate as an electric motor.
In this configuration, power and/or torque output by engine
10 and electric machine 20 is transterred to planetary carrier
44, and the accumulated tractive power of the planetary gear
set will be transferred to the drive wheels via the differential
gear set. More specifically: 1) power and/or torque will be
transferred from engine 10 to planetary carrier 44 via engine
output gear 12, reduction gear 14, ring gear 48, and one or
more pinion gears 46; and ii) power and/or torque will be
transferred from electric machine 20 to planetary carrier 44
via sun gear 42 and one or more pinion gears 46.

InFIG. 7, vehicle powertrain system 100 is shown as being
configured in what may be referred to as a conventional
(“CON”) mode of operation. In this CON mode, engine 10
supplies the tractive power, and first and second clutches 72,
73 are actuated to disengage electric machines 20 and 30 from
the differential gear set. More specifically, power and/or
torque will be transferred from engine 10 to planetary carrier
44 via engine output gear 12, reduction gear 14, ring gear 48,
and one or more pinion gears 46.

In FIGS. 8-10, vehicle powertrain system 100 is shown as
being configured in various pure electric (“PE”) modes of
operation. In a first pure electric (“PE1”) mode of operation
illustrated in FIG. 8, both electric machines 20, 30 supply
tractive power and/or torque to the differential gear set. In this
PE1 mode, engine clutch 71 is actuated to disengage engine
10 and ring gear 48, first clutch 72 is actuated to engage
electric machine 20 and sun gear 42, and second clutch 73 is
actuated to engage electric machine 30 and planetary carrier
44. Electric machines 20 and 30 are each selected to operate
as an electric motor. In this configuration, power and/or
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torque output by electric machines 20, 30 is transferred to
planetary carrier 44, and the accumulated tractive power of
the planetary gear set will be transferred to the drive wheels
via the differential gear set. More specifically: i) power and/or
torque will be transferred from electric machine 20 to plan-
etary carrier 44 via sun gear 42 and one or more pinion gears
46; and ii) power and/or torque will be transferred from
electric machine 30 to planetary carrier 44 via output gear 13,
and reduction gears 16, 18.

In a second pure electric (“PE2”) mode of operation illus-
trated in FIG. 9, only electric machine 30 supplies tractive
power and/or torque to the differential gear set. In this PE2
mode, engine clutch 71 is actuated to disengage engine 10 and
ring gear 48, first clutch 72 is actuated to disengage electric
machine 20 from sun gear 42, and second clutch 73 is actuated
to engage electric machine 30 and planetary carrier 44. Elec-
tric machine 30 is selected to operate as an electric motor. In
this configuration, power and/or torque output by electric
machine 30 is transferred to planetary carrier 44 via output
gear 13, and reduction gears 16, 18, and the accumulated
tractive power of the planetary gear set will be transferred to
the drive wheels via the differential gear set.

In a third pure electric (“PE3”) mode of operation illus-
trated in FIG. 10, only electric machine 20 supplies tractive
power and/or torque to the differential gear set. In this PE3
mode, engine clutch 71 is actuated to disengage engine 10 and
ring gear 48, first clutch 72 is actuated to engage electric
machine 20 and sun gear 42, and second clutch 73 is actuated
to disengage electric machine 30 from planetary carrier 44.
Electric machine 20 is selected to operate as an electric motor.
In this configuration, power and/or torque output by electric
machine 20 will be transferred from electric machine 20 to
planetary carrier 44 via sun gear 42 and one or more pinion
gears 46, and the accumulated tractive power of the planetary
gear set will be transferred to the drive wheels via the differ-
ential gear set.

In the pure electric modes of operation PE1, PE2, and PE3
shown in FIGS. 8-10, respectively, electric machines 20, 30
are operating as electric motors. However, it will be appreci-
ated that any one of these operating modes may be used to
effect regenerative braking, wherein electric machines 20, 30
are operating as electric generators, and the power and/or
torque flows are generally reversed. For example, with
clutches 71, 72, and 73 actuated to effect the mechanical
engagement and disengagement of PE3 mode, electric
machine 20 may be selected to operate as an electric genera-
tor, and slow the vehicle by extracting power from the plan-
etary gear set.

Accordingly, in some embodiments vehicle powertrain
system 100 may be capable of operating in at least nine modes
of operation. The modes of operation may be selected
dynamically during operation of the vehicle, in response to
the current operating condition of the vehicle. This operating
flexibility may provide the powertrain system with added
functional efficiency when compared to current technologies.

For example, in some embodiments vehicle powertrain
system 100, or a controller connected thereto, may be con-
figured to monitor at least one vehicle operating condition,
including, but not limited to vehicle speed, engine speed,
throttle input, brake input, etc. Based on the at least one
monitored condition, the vehicle powertrain system or con-
troller may determine a target power to be transferred
between the wheels of the vehicle via the differential gear set.
Based on this determined target power, the vehicle powertrain
system or controller may selectively actuate at least one of
clutches 71, 72, 73 and/or selectively operate electric
machines 20, 30 as either electric motors or electric genera-
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tors to effect one of the modes of operation discussed above,
which may be the mode of operation determined to be most
suitable and/or efficient based on the vehicle operating con-
dition.

By providing at least three different modes of operation
that can be used in regenerative braking, vehicle drivetrain
system 100 may greatly enhance the kinetic energy recovery
of'the vehicle during braking by selecting a mode of operation
that can most efficiently recover power based on the operating
condition of the vehicle while braking is being applied.

As mentioned above, engine 10 and first and second elec-
tric machines 20, 30 can be operated independently, which
may significantly enhance reliability of the powertrain sys-
tem during failure of one or more of the power sources, as
modes of operation may be selected based on the current
ability of the power sources to supply power to the drivetrain.
For example, in each of the CON, PE2, and PE3 modes of
operation, only one power source is required to supply trac-
tive power to drive the vehicle. Having each of the power
sources operable independently may also minimize idling
and extend operating life of components such as bearings.

It will be appreciated that vehicle powertrain system 100
may be used to drive the front wheels of a vehicle, as shown
in FIG. 11, or to drive the rear wheels of a vehicle, as shown
in FIG. 12, where vehicle powertrain system 100 is located
towards the rear of the vehicle.

In some embodiments, the vehicle powertrain system may
be modified for use with four wheel (or all-wheel) drive
systems by coupling an electric machine to a rear axle of a
vehicle as shown in FIGS. 13 and 14.

In FIG. 13 an example embodiment of a vehicle powertrain
system 200, is configured to transfer power and/or torque
between differential gear set 240 in order to drive the front
wheels of a vehicle 205. Powertrain system 200 includes an
internal combustion engine 10 and a first electric machine 20,
each independently coupled to a planetary gear set 240. Other
than the omission of second electric machine 30 and associ-
ated components, powertrain system 200 is generally similar
to powertrain system 100 depicted in FIG. 1, and the descrip-
tion of elements will not be repeated. Vehicle 210 also
includes an electric machine 230 coupled to rear drive axels
260,262 via a differential gear set 245, for transferring power
and/or torque between the differential gear set 245 and the
rear wheels of vehicle 210.

Similar to vehicle powertrain system 100, engine 10 and
first electric machine 20 may be operated independently,
which may significantly enhance reliability of powertrain
system 200 during failure of either of the power sources.
Having each of the power sources operable independently
may also minimize idling and extend operating life of com-
ponents such as bearings.

The example embodiment shown in FIG. 14 is similar to
the embodiment shown in FIG. 13, but with a different cou-
pling arrangement for transferring power and/or torque
between electric machine 230 and the rear wheels of a vehicle
215.

It will be appreciated that vehicle powertrain system 200
may be selectively configured to operate in a number of
different modes of operation by selectively actuating one or
more clutches 71, 72, and by selectively operating electric
machine 20 as an electric motor or an electric generator, in a
manner generally similar vehicle powertrain system 100. For
example, vehicle powertrain system 200 may be selectively
operated in modes of operation similar to the ICES, PH3,
CON, and PE3 modes of operation. It will also be appreciated
that vehicle powertrain system 200 may be used to effect
regenerative braking, as discussed above.
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FIGS. 15 and 16 illustrate example embodiments of
vehicles 305 and 315, respectively, in which a powertrain
generally similar to vehicle powertrain 100 is used to drive the
front wheels, and an additional electric machine 330 is used to
drive the rear wheels.

As used herein, the wording “and/or” is intended to repre-
sent an inclusive-or. That is, “X and/or Y™’ is intended to mean
X orY or both, for example. As a further example, “X, Y,
and/or Z” is intended to mean X orY or Z or any combination
thereof.

While the above description describes features of example
embodiments, it will be appreciated that some features and/or
functions of the described embodiments are susceptible to
modification without departing from the spirit and principles
of operation of the described embodiments. For example, the
various characteristics which are described by means of the
represented embodiments or examples may be selectively
combined with each other. Accordingly, what has been
described above is intended to be illustrative of the claimed
concept and non-limiting. It will be understood by persons
skilled in the art that variations are possible in variant imple-
mentations and embodiments.

The invention claimed is:

1. A vehicle powertrain system comprising:

a differential gear set;

a single planetary gear set coupled to the differential gear

set;
an engine coupled to the planetary gear set to transfer
power between the engine and the planetary gear set;

afirst electric machine coupled to the planetary gear set via
a first clutch and selectively engagable, via actuation of
the first clutch, to transfer power between the first elec-
tric machine and the planetary gear set; and

a second electric machine coupled to the planetary gear set

via a second clutch and selectively engagable, via actua-
tion of the second clutch, to transfer power between the
second electric machine and the planetary gear set.

2. The vehicle powertrain system of claim 1, wherein the
engine comprises an internal combustion engine.

3. The vehicle powertrain system of claim 1, wherein the
planetary gear set comprises a sun gear, a ring gear, at least
one pinion gear, and a planetary carrier.

4. The vehicle powertrain system of claim 3, wherein the
first electric machine is coupled to the sun gear of the plan-
etary gear set via the first clutch.

5. The vehicle powertrain system of claim 3, further com-
prising an electric machine reduction gear set, and wherein
the second electric machine is coupled to the planetary carrier
via the electric machine reduction gear set.

6. The vehicle powertrain system of claim 5, wherein the
electric machine reduction gear set comprises first and second
electric machine reduction gears, and wherein the second
clutch is located between the first and second electric
machine reduction gears.

7. The vehicle powertrain system of claim 1, wherein the
differential gear set comprises at least one differential pinion
gear and at least one differential output gear.

8. The vehicle powertrain system of claim 1, wherein at
least one of the first clutch and the second clutch comprises an
electro mechanically actuated clutch.

9. The vehicle powertrain system of claim 1, further com-
prising an engine reduction gear set, and wherein the engine
is coupled to the planetary gear set via the engine reduction
gear set.

10. The vehicle powertrain system of claim 1, wherein the
first electric machine and the second electric machine are
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each selectively operable as either an electric motor or as an
electric generator, and wherein:
in a first mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the engine via the
differential gear set;
in a second mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric generator,
the second clutch is actuated to engage the second elec-
tric machine and the planetary gear set, and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
to the first electric machine from the differential gear
set;
in a third mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor,
the second clutch is actuated to engage the second elec-
tric machine and the planetary gear set, and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
from the first electric machine to the differential gear
set;
in a fourth mode of operation,
the first clutch is actuated to disengage the first electric
machine and the planetary gear set,
the second clutch is actuated to engage the second elec-
tric machine and the planetary gear set, and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set, and
from the second electric machine to the differential
gear set;
in a fifth mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, and
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set,
from the first electric machine to the differential gear
set; and
in a sixth mode of operation,
the first clutch is actuated to disengage the first electric
machine and the planetary gear set,
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
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whereby power may be transferred
from the engine to the differential gear set.

11. The vehicle powertrain system of claim 1, wherein the
engine is coupled to the planetary gear set via an engine
clutch, and wherein the engine is selectably engagable, via
actuation of the engine clutch, to transfer power between the
engine and the planetary gear set.

12. The vehicle powertrain system of claim 11, further
comprising an engine reduction gear set, and wherein the
engine is coupled to the planetary gear set via the engine
reduction gear set.

13. The vehicle powertrain system of claim 12, wherein the
engine reduction gear set is located between the engine clutch
and the planetary gear set.

14. The vehicle powertrain system of claim 11, wherein at
least one of the engine clutch, the first clutch, and the second
clutch comprises an electro mechanically actuated clutch.

15. The vehicle powertrain system of claim 11, wherein the
first electric machine and the second electric machine are
each selectively operable as either an electric motor or as an
electric generator, and wherein:

in a first mode of operation,

the engine clutch is actuated to engage the engine and the
planetary gear set;

the first clutch is actuated to engage the first electric
machine and the planetary gear set, and

the first electric machine is selected to operate as an
electric motor,

whereby power may be transferred
from the first electric machine to the engine via the

differential gear set;
in a second mode of operation,
the engine clutch is actuated to engage the engine and the
planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric generator,
the second clutch is actuated to engage the second elec-
tric machine and the planetary gear set, and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
to the first electric machine from the differential gear
set;
in a third mode of operation,
the engine clutch is actuated to engage the engine and the
planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, the second clutch is actuated to engage
the second electric machine and the planetary gear set,
and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
from the first electric machine to the differential gear
set;
in a fourth mode of operation,
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the engine clutch is actuated to engage the engine and the
planetary gear set;
the first clutch is actuated to disengage the first electric
machine and the planetary gear set,
the second clutch is actuated to engage the second elec-
tric machine and the planetary gear set, and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set, and
from the second electric machine to the differential
gear set;
in a fifth mode of operation,
the engine clutch is actuated to engage the engine and the
planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, and
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set,
from the first electric machine to the differential gear
set;
in a sixth mode of operation,
the engine clutch is actuated to engage the engine and the
planetary gear set;
the first clutch is actuated to disengage the first electric
machine and the planetary gear set,
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set;
in a seventh mode of operation,
the engine clutch is actuated to disengage the engine and
the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, the second clutch is actuated to engage
the second electric machine and the planetary gear set,
and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the differential gear
set, and
from the second electric machine to the differential
gear set;
in an eighth mode of operation,
the engine clutch is actuated to disengage the engine and
the planetary gear set;
the first clutch is actuated to disengage the first electric
machine and the planetary gear set,
the second clutch is actuated to engage the second elec-
tric machine and the planetary gear set, and
the second electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the second electric machine to the differential
gear set;
in a ninth mode of operation,
the engine clutch is actuated to disengage the engine and
the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
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the first electric machine is selected to operate as an
electric motor, and
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the first electric machine to the differential gear
set.

16. A vehicle powertrain system comprising:

a planetary gear set comprising:

a sun gear,

a ring gear, and

a planetary carrier;

a differential gear set coupled to the planetary gear set,

the differential gear set comprising at least one differen-
tial pinion gear, a first differential output gear con-
nected to a first drive axel, and a second differential
output gear connected to a second drive axel;

an engine coupled to the ring gear to transfer power

between the engine and the ring gear; and

a first electric machine coupled to the sun gear via a first

clutch and selectively engagable, via actuation of the
first clutch, to transfer power between the first electric
machine and the sun gear.

17. The vehicle powertrain system of claim 16, wherein the
first clutch comprises an electro mechanically actuated
clutch.

18. The vehicle powertrain system of claim 16, further
comprising an engine reduction gear set, and wherein the
engine is coupled to the ring gear via the engine reduction
gear set.

19. The vehicle powertrain system of claim 18, wherein the
engine reduction gear set is located between the engine and
the ring gear.

20. The vehicle powertrain system of claim 16, wherein the
first electric machine is selectively operable as either an elec-
tric motor or as an electric generator, and wherein:

in a first mode of operation,

the first clutch is actuated to engage the first electric
machine and the sun gear, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the engine via the
differential gear set;

in a second mode of operation,

the first clutch is actuated to engage the first electric
machine and the sun gear, and

the first electric machine is selected to operate as an
electric motor,

whereby power may be transferred
from the engine to the differential gear set, and
from the first electric machine to the differential gear

set; and

in a third mode of operation,

the first clutch is actuated to disengage the first electric
machine and the sun gear,

whereby power may be transferred
from the engine to the differential gear set.

21. The vehicle powertrain system of claim 16, wherein the
engine is coupled to the ring gear via an engine clutch, and
wherein the engine is selectably engagable, via actuation of
the engine clutch, to transfer power between the engine and
the ring gear.

22. The vehicle powertrain system of claim 21, wherein at
least one of the first clutch and the engine clutch comprises an
electro mechanically actuated clutch.
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23. The vehicle powertrain system of claim 21, wherein the
first electric machine is selectively operable as either an elec-
tric motor or as an electric generator, and wherein:

in a first mode of operation,

the engine clutch is actuated to engage the engine and the
ring gear;

the first clutch is actuated to engage the first electric
machine and the sun gear, and

the first electric machine is selected to operate as an
electric motor,

whereby power may be transferred
from the first electric machine to the engine via the

differential gear set;

in a second mode of operation,

the engine clutch is actuated to engage the engine and the
ring gear;

the first clutch is actuated to engage the first electric
machine and the sun gear, and

the first electric machine is selected to operate as an
electric motor,

whereby power may be transferred
from the engine to the differential gear set,
from the first electric machine to the differential gear

set;

in a third mode of operation,

the engine clutch is actuated to engage the engine and the
ring gear; and

the first clutch is actuated to disengage the first electric
machine and the sun gear,

whereby power may be transferred
from the engine to the differential gear set; and

in a fourth mode of operation,

the engine clutch is actuated to disengage the engine and
the ring gear;

the first clutch is actuated to engage the first electric
machine and the sun gear, and

the first electric machine is selected to operate as an
electric motor,

whereby power may be transferred
from the first electric machine to the differential gear

set.

24. A vehicle powertrain system comprising:

a differential gear set;

a planetary gear set coupled to the differential gear set;
an engine coupled to the planetary gear set to transfer
power between the engine and the planetary gear set;
afirst electric machine coupled to the planetary gear set via
a first clutch and selectively engagable, via actuation of
the first clutch, to transfer power between the first elec-

tric machine and the planetary gear set; and

a second electric machine coupled to the planetary gear set

via a second clutch and selectively engagable, via actua-
tion of the second clutch, to transfer power between the
second electric machine and the planetary gear set;
wherein the first electric machine and the second electric
machine are each selectively operable as either an elec-
tric motor or as an electric generator, and wherein:
in a first mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the engine via the
differential gear set;
in a second mode of operation,

10

15

20

25

30

35

40

45

50

55

60

65

16

the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric generator,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
to the first electric machine from the differential
gear set;
in a third mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
from the first electric machine to the differential
gear set;
in a fourth mode of operation,
the first clutch is actuated to disengage the first elec-
tric machine and the planetary gear set,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the engine to the differential gear set, and
from the second electric machine to the differential
gear set;
in a fifth mode of operation,
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, and
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set,
from the first electric machine to the differential
gear set; and
in a sixth mode of operation,
the first clutch is actuated to disengage the first elec-
tric machine and the planetary gear set,
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set.
25. A vehicle powertrain system comprising:
a differential gear set;
a planetary gear set coupled to the differential gear set;
an engine coupled to the planetary gear set to transfer
power between the engine and the planetary gear set;
afirst electric machine coupled to the planetary gear set via
a first clutch and selectively engagable, via actuation of
the first clutch, to transfer power between the first elec-
tric machine and the planetary gear set; and
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a second electric machine coupled to the planetary gear set
via a second clutch and selectively engagable, via actua-
tion of the second clutch, to transfer power between the
second electric machine and the planetary gear set;

wherein the engine is coupled to the planetary gear set via
an engine clutch, and wherein the engine is selectably
engagable, via actuation of the engine clutch, to transfer
power between the engine and the planetary gear set;

wherein the first electric machine and the second electric
machine are each selectively operable as either an elec-
tric motor or as an electric generator, and wherein:
in a first mode of operation,
the engine clutch is actuated to engage the engine and
the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the engine via the
differential gear set;
in a second mode of operation,
the engine clutch is actuated to engage the engine and
the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric generator,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
to the first electric machine from the differential
gear set;
in a third mode of operation,
the engine clutch is actuated to engage the engine and
the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the second electric machine to the differential
gear set, and
from the first electric machine to the differential
gear set;
in a fourth mode of operation,
the engine clutch is actuated to engage the engine and
the planetary gear set;
the first clutch is actuated to disengage the first elec-
tric machine and the planetary gear set,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the engine to the differential gear set, and
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from the second electric machine to the differential
gear set;
in a fifth mode of operation,
the engine clutch is actuated to engage the engine and
the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, and
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set,
from the first electric machine to the differential
gear set;
in a sixth mode of operation,
the engine clutch is actuated to engage the engine and
the planetary gear set;
the first clutch is actuated to disengage the first elec-
tric machine and the planetary gear set,
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the engine to the differential gear set;
in a seventh mode of operation,
the engine clutch is actuated to disengage the engine
and the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the first electric machine to the differential
gear set, and
from the second electric machine to the differential
gear set;
in an eighth mode of operation,
the engine clutch is actuated to disengage the engine
and the planetary gear set;
the first clutch is actuated to disengage the first elec-
tric machine and the planetary gear set,
the second clutch is actuated to engage the second
electric machine and the planetary gear set, and
the second electric machine is selected to operate as
an electric motor,
whereby power may be transferred
from the second electric machine to the differential
gear set;
in a ninth mode of operation,
the engine clutch is actuated to disengage the engine
and the planetary gear set;
the first clutch is actuated to engage the first electric
machine and the planetary gear set,
the first electric machine is selected to operate as an
electric motor, and
the second clutch is actuated to disengage the second
electric machine and the planetary gear set,
whereby power may be transferred
from the first electric machine to the differential
gear set.
26. A vehicle powertrain system comprising:
a planetary gear set comprising:
a sun gear,



US 9,139,079 B2

19

a ring gear, and
a planetary carrier;
a differential gear set coupled to the planetary gear set;
an engine coupled to the ring gear to transfer power
between the engine and the ring gear; and
a first electric machine coupled to the sun gear via a first
clutch and selectively engagable, via actuation of the
first clutch, to transfer power between the first electric
machine and the sun gear;
wherein the first electric machine is selectively operable as
either an electric motor or as an electric generator, and
wherein:
in a first mode of operation,
the first clutch is actuated to engage the first electric
machine and the sun gear, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the engine via the
differential gear set;
in a second mode of operation,
the first clutch is actuated to engage the first electric
machine and the sun gear, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set, and
from the first electric machine to the differential
gear set; and
in a third mode of operation,
the first clutch is actuated to disengage the first elec-
tric machine and the sun gear,
whereby power may be transferred
from the engine to the differential gear set.
27. A vehicle powertrain system comprising:
a planetary gear set comprising:
a sun geat,
a ring gear, and
a planetary carrier;
a differential gear set coupled to the planetary gear set;
an engine coupled to the ring gear to transfer power
between the engine and the ring gear; and
a first electric machine coupled to the sun gear via a first
clutch and selectively engagable, via actuation of the
first clutch, to transfer power between the first electric
machine and the sun gear;
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wherein the engine is coupled to the ring gear via an engine
clutch, and wherein the engine is selectably engagable,
via actuation of the engine clutch, to transfer power
between the engine and the ring gear;
wherein the first electric machine is selectively operable as
either an electric motor or as an electric generator, and
wherein:
in a first mode of operation,
the engine clutch is actuated to engage the engine and
the ring gear;
the first clutch is actuated to engage the first electric
machine and the sun gear, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the engine via the
differential gear set;
in a second mode of operation,
the engine clutch is actuated to engage the engine and
the ring gear;
the first clutch is actuated to engage the first electric
machine and the sun gear, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the engine to the differential gear set,
from the first electric machine to the differential
gear set;
in a third mode of operation,
the engine clutch is actuated to engage the engine and
the ring gear; and
the first clutch is actuated to disengage the first elec-
tric machine and the sun gear,
whereby power may be transferred
from the engine to the differential gear set; and
in a fourth mode of operation,
the engine clutch is actuated to disengage the engine
and the ring gear;
the first clutch is actuated to engage the first electric
machine and the sun gear, and
the first electric machine is selected to operate as an
electric motor,
whereby power may be transferred
from the first electric machine to the differential
gear set.



